The catalytic subunit of DNA dependent protein kinase (DNA-PKcs) and its kinase activity are critical for mediation of non-homologous end-joining (NHEJ) of DNA doublestrand breaks (DSB) in mammalian cells after gamma-ray irradiation. Additionally, DNA-PKcs phosphorylations at the T2609 cluster and the S2056 cluster also affect DSB repair and cellular sensitivity to gamma radiation. Previously we reported that phosphorylations within these two regions affect not only NHEJ but also homologous recombination repair (HRR) dependent DSB repair. In this study, we further examine phenotypic effects on cells bearing various combinations of mutations within either or both regions. Effects studied included cell killing as well as chromosomal aberration induction after 0.5-8 Gy gamma-ray irradiation delivered to synchronized cells during the G 0 /G 1 phase of the cell cycle. Blocking phosphorylation within the T2609 cluster was most critical regarding sensitization and depended on the number of available phosphorylation sites. It was also especially interesting that only one substitution of alanine in each of the two clusters separately abolished the restoration of wild-type sensitivity by DNA-PKcs. Similar patterns were seen for induction of chromosomal aberrations, reflecting their connection to cell killing. To study possible change in coordination between HRR and NHEJ directed repair in these DNA-PKcs mutant cell lines, we compared the induction of sister chromatid exchanges (SCEs) by very low fluencies of alpha particles with mutant cells defective in the HRR pathway that is required for induction of SCEs. Levels of true SCEs induced by very low fluence of alpha-particle irradiation normally seen in wild-type cells were only slightly decreased in the S2056 cluster mutants, but were completely abolished in the T2609 cluster mutants and were indistinguishable from levels seen in HRR deficient cells. Again, a single substitution in the S2056 together with a single substitution in the T2609 cluster abolished SCE formation and thus also effectively interferes with HRR.
The catalytic subunit of DNA dependent protein kinase (DNA-PKcs) and its kinase activity are critical for mediation of non-homologous end-joining (NHEJ) of DNA doublestrand breaks (DSB) in mammalian cells after gamma-ray irradiation. Additionally, DNA-PKcs phosphorylations at the T2609 cluster and the S2056 cluster also affect DSB repair and cellular sensitivity to gamma radiation. Previously we reported that phosphorylations within these two regions affect not only NHEJ but also homologous recombination repair (HRR) dependent DSB repair. In this study, we further examine phenotypic effects on cells bearing various combinations of mutations within either or both regions. Effects studied included cell killing as well as chromosomal aberration induction after 0.5-8 Gy gamma-ray irradiation delivered to synchronized cells during the G 0 /G 1 phase of the cell cycle. Blocking phosphorylation within the T2609 cluster was most critical regarding sensitization and depended on the number of available phosphorylation sites. It was also especially interesting that only one substitution of alanine in each of the two clusters separately abolished the restoration of wild-type sensitivity by DNA-PKcs. Similar patterns were seen for induction of chromosomal aberrations, reflecting their connection to cell killing. To study possible change in coordination between HRR and NHEJ directed repair in these DNA-PKcs mutant cell lines, we compared the induction of sister chromatid exchanges (SCEs) by very low fluencies of alpha particles with mutant cells defective in the HRR pathway that is required for induction of SCEs. Levels of true SCEs induced by very low fluence of alpha-particle irradiation normally seen in wild-type cells were only slightly decreased in the S2056 cluster mutants, but were completely abolished in the T2609 cluster mutants and were indistinguishable from levels seen in HRR deficient cells. Again, a single substitution in the S2056 together with a single substitution in the T2609 cluster abolished SCE formation and thus also effectively interferes with HRR. Ó 2017 by
INTRODUCTION
It is well established that the capacity to promptly repair radiation-induced DNA double-strand breaks (DSB) is crucial for cell survival and genome maintenance after ionizing radiation exposure. The non-homologous endjoining (NHEJ) pathway is operational throughout the cell cycle and is the predominant DSB repair mechanism in mammals, whereas homologous recombination repair (HRR) contributes less to DSB repair after irradiation and is active only during S or G 2 phase of cell cycle (1) . The NHEJ pathway relies on the DNA dependent protein kinase (DNA-PK) complex, consisting of the Ku70/80 heterodimer and the catalytic subunit DNA-PKcs, to synapse the broken DNA ends and to facilitate processing and ligation of the DNA break. DNA-PKcs is the key regulator of the NHEJ pathway as its kinase activity is essential for NHEJ mediated DSB repair (2) . Although many components of NHEJ have been identified as DNA-PKcs substrates, the exact role the enzymatic activity of DNA-PKcs plays in NHEJ has not been fully characterized (3) . In addition, DNA-PKcs itself is reported to be regulated by phosphorylation events and DNA-PKcs phosphorylation is critical for NHEJ mediated DSB repair (2).
DNA-PKcs activation after exposure to ionizing radiation or treatment with some radiomimetic chemicals results in rapid phosphorylation at the T2609 phosphorylation cluster and S2056 residue (4-7). DNA-PKcs phosphorylation at the T2609 cluster was initially identified by Mass Spectrometry after in vitro DNA-PK activation and autophosphorylation (4, 7) . Further examination, however, revealed that in vivo DNA-PKcs phosphorylation at the T2609 cluster after irradiation or radiomimetic agents is primarily mediated by the related and DSB responsive ataxia-telangiectasia mutated (ATM) kinase and does not depend DNA-PKcs kinase activity (8) . Additionally, T2609 cluster phosphorylation in vivo can be elicited by the ataxia-telangiectasia and Rad3 related (ATR) kinase in response to UV radiation and replication stress (9) . In contrast, DNA-PKcs phosphorylation at S2056 was identified in vivo from endogenous DNA-PKcs of irradiated HeLa cells (5) . S2056 phosphorylation clearly requires DNA-PKcs kinase, as radiation-induced S2056 phosphorylation is drastically decreased in cells expressing kinase-dead (KD) mutant DNA-PKcs, indicating that S2056 is an authentic autophosphorylation site in vivo (5). Adjacent to S2056, 4 additional potential phosphorylation sites have been identified (the S2056 cluster) (6), although it is not clear if they are indeed being phosphorylated in vivo. The differential regulations of the T2609 cluster and S2056 further indicate the potential difference in their functionalities. It seems reasonable to suggest they will participate in DSB repair through distinctive mechanisms with similar or possibly different phenotypic effects.
Studies of DNA-PKcs mutant cell lines defective at the T2609 or S2056 cluster indicate that these phosphorylations are required for full DSB repair capacity and normal cellular resistance to radiation (4) (5) (6) (7) . Alanine substitution at S2056 or T2609 alone leads to a modest increase in radiosensitivity and defects in DSB repair, whereas alanine substitution at the entire T2609 cluster of phosphorylation sites leads to severely increased radiosensitivity (4, 5, 7) . DNA-PKcs phosphorylation at S2056 and at the T2609 cluster apparently does not affect its kinase activity as mutant DNA-PKcs remains as active as wild-type DNA-PKcs in in vitro kinase assays (5, 10) . Although the mechanism and phenotypic consequence of DNA-PKcs phosphorylations remain to be clarified, evidence suggests that phosphorylation will lead to conformational changes or serve as docking sites for direct protein-protein interactions (11) (12) (13) .
We reported previously that V3 cells bearing vectors expressing DNA-PKcs with mutations in the S2056 cluster and the T2609 cluster have clear differences in radiosensitivities when synchronized cells were irradiated with moderate doses in the G 0 /G 1 phase (14, 15) . It is important to utilize synchronized cells when comparing populations of different cell lines, because collateral but different changes in cell cycle distributions can easily occur that obscure differences that exist, or lead to misinterpretation of differences that do not exist, but are instead due to the well-known large differences in cell cycle dependent responses. In the previous study, we found the expression of DNA-PKcs with mutations affecting phosphorylations in the T2609 cluster (cell line L-3) resulted in extreme radiosensitivity for cell killing; however, similar mutations in the S2056 cluster (cell line L-12) resulted in intermediate radiosensitivity (15) . To clarify their distinctive functionalities in DSB repair and whether there is a coordination between these two regions, we further investigated various mutant cells defective in the S2056 cluster (L-5, L-12), the T2609 cluster (L-3, L-6, L-14, L-15), and both clusters (L-2, L-4) for their radiosensitivity phenotypes for both cell killing and chromosomal aberration induction after gammaray irradiation. We have further investigated the influence of these mutations in the S2056 and the T2609 cluster phosphorylation sites described above with respect to HRR function by comparing sister chromatid exchange (SCE) induction after very low fluence of alpha-particle irradiation (16, 17) .
MATERIALS AND METHODS

Cell Lines and Tissue Culture
Cell lines used included the Chinese Hamster Ovary (CHO) and AA8 lines that are wild-type with respect to their radiosensitivity phenotypes, along with the four HRR deficient mutant strains irs-3, CL-V4B, irs-1 and irs-1SF and the NHEJ deficient mutant (V3) cells, all of which are listed in Table 1 . Cell strains derived from DNA-PKcs null V3 cells (18) were also used with complemented human DNAPKcs cDNA containing amino acid substitutions at various positions at the S2056 and T2609 clusters are described in Fig. 1 . Properties of these cell lines have been described previously (14, 15) . The cells were maintained at 378C in a humidified 95% air/5% CO 2 atmosphere in Eagle's minimal essential medium (MEM) supplemented with 10% heat-inactivated (568C for 30 min) fetal bovine serum (FBS), penicillin (50 U/ml) and streptomycin (50 lg/ml). When the cultures approached 30% confluence in T-25 tissue culture flasks or Mylar dishes, the normal growth medium was replaced twice at 24 h intervals with isoleucine-deficient (IL -) MEM containing 5% of three-times dialyzed FBS to synchronize cells in the G 0 /G 1 phase (19) . IL -treated G 0 /G 1 -phase synchronized cell populations were analyzed by FACScan flow cytometer and CellQuest software (BD Biosciences). Cells were labeled with BrdU (30 lM) for 15 min. and then fixed in 70% ethanol/ PBS. BrdU was detected using Alexa Fluor 488-conjugated anti-BrdU antibody (Invitrogen) as previously reported (15). 
Irradiation and Colony Formation
Cells synchronized in G 0 /G 1 by pre-incubation in IL -medium were gamma-ray irradiated with a JL Shepherd and Associates irradiator that emitted 137 Cs c rays such that at the position of the cells the dose rate was 2.5 Gy/min. Survival curves were obtained by measuring the colony-forming ability of cells irradiated over a range of doses as indicated for the particular experiment. Cells were plated immediately after irradiation onto 100 mm plastic Petri dishes and incubated for 8-10 days for colony formation. The colonies were fixed with 100% ethanol and stained with 0.1% crystal violet solution. A colony with more than 50 cells was scored as a survivor (20) . For alpha-particle irradiation, cells were cultured on Mylar dishes and were placed over a Mylar window in the exposure well of a specially constructed irradiator that provides a uniform source of well-characterized 307 MeV alpha particles (21) . The source consisted of 296 MBq of 238 PuO 2 electrodeposited onto one side of a 100 mm diameter stainless steel disk. The cells were irradiated from below in a helium environment, and the alpha-particles traversed a reciprocating collimator before reaching the Mylar window. The target-to-source distance is 42 mm helium gas, 6 mm in air and 1.5 lm in Mylar. Dose was controlled by timer and a precision photographic shutter, which allow exposure (21) . For the alpha-particle irradiations, the highest doses to the monolayers were 2.8 mGy which corresponds to approximately 0.016 alphaparticle traversals per cell nucleus so even for the highest doses only one cell in about 60 cells experiences an alpha-particle traversal. Virtually no cells are killed by this dose of alpha particles. Since for wild-type cells this dose produces an average of some 3 SCEs per cell (0.15 SCE per chromosome 3 21 chromosomes per cell) nearly all the SCEs are produced in cells that did not experience a direct alpha particle (i.e., in bystander cells) and are not false SCEs that can occur from the direct production of an aberration like a chromosome type translocation by direct ionization (22) .
Chromosome Analysis
Synchronized G 0 /G 1 phase cells were subcultured to four T-25 tissue culture flasks and cultured in fresh medium containing 10 lM BrdU for the first and second cell cycles after irradiation depending on whether chromosomal aberrations or SCEs were to be examined. For assessment of chromosomal aberration induction, at 4 h intervals beginning 13 h after subculture, colcemid was added to one of 4 tissue culture flasks to arrest cells in the first mitosis after irradiation; total sampling time thus covered 16 h. Most of cells moved into the first round of mitosis approximately 13-15 h postirradiation. The cells were fixed in methanol acetic acid (3:1) and chromosomes were spread by the air dry method (23) . The fluorescence plus Giemsa differential chromatid staining technique was used to identify cells in their first or second post irradiation mitosis (24) . In this way we were able to ensure only first post-irradiation mitoses were being included for aberration scoring after gamma irradiations. SCEs after alphaparticle irradiations were analyzed only after completion of both the first and second transits of cells through S phase, and second division mitotic cells were scored at the time of the peak mitotic indices for the cultures. It is important to note that, as mentioned above, for the BrdU labeling schedule used and the very low fluence of alpha particles virtually no ''false SCEs'' are generated.
RESULTS
The dose-survival responses for colony forming ability were measured for IL -treated G 0 /G 1 synchronized Chinese hamster ovary wild-type (CHO and AA8) and the extremely radiosensitive V3 cells, which were employed to serve as baseline radiosensitivities for the native wild-type cells or the DNA-PKcs null mutant cells not containing vectors. The cell lines used to compare relative radiosensitivities among the mutant constructs were the V3 line containing either an empty vector, or a vector containing wild-type human DNA-PKcs cDNA. With these controls, our experimental V3 cell lines complemented with DNA-PKcs cDNA carrying various site-directed mutations in the S2056 and T2609 clusters were tested. Dose-survival responses are shown in Fig. 2A-D .
To facilitate the comparison of relative radiosensitivities among different DNA-PKcs mutant cell lines, the D 10 values (radiation dose resulting in 10% survival) were estimated from the survival curves and the values were then normalized relative to that the wild-type CHO cells. For example, the relative radiosensitivities of DNA-PKcs null V3 cells and the derivative L1 cells harboring a wild-type DNA-PKcs cDNA were 0.23 and 0.75, respectively. The relative radiosensitivity phenotypes calculated in this way were plotted (see Fig. 3 , left-hand side), where it can be seen that blocking phosphorylation solely within the T2609 cluster had a much greater influence on radiosensitivity than blocking of sites solely within the S2056 cluster. Leaving the S2056 cluster intact but increasing the number of sites blocked in the T2609 cluster caused increasing radiosensitivity. For the S2609 cluster by itself, with one site blocked (L-15 and L-6) only a small radiosensitization occurred; with 3 sites blocked (L-14) a greater degree of radiosensitization occurred; and with all six sites blocked virtually the full radiosensitization equivalent to DNA-PKcs null V3 cells was seen. For the S2056 cluster by itself, a blocking of only one site (L-5) had essentially no effect, and only by blocking all five sites (L-12) could a sensitization midway between wild-type and DNA-PKcs null cells be achieved. Of special interest are the sensitivities of L-4, L-5 and L-6 cells. In L-4 cells a single substitution in each of the S2056 and T2609 clusters rendered the cells as hypersensitive as DNA-PKcs null V3 cells, but a single substitution in either (but not both) the clusters L-5 and L-6 cells had essentially no effect on radiosensitivity.
In addition to clonogenic survival measurement, chromosomal aberrations after increasing doses of gamma radiation were analyzed in DNA-PKcs mutant cell lines (Table 2 , Fig.  4 and Supplemental Fig. S1 ; http://dx.doi.org/10.1667/ RR14679.1.S1). In general, variation in the radiosensitivity for the production of chromosomal aberrations in DNAPKcs mutant cell lines after gamma irradiation correlated with their sensitivities with respect to cell killing (loss of colony forming ability) (Fig. 3) . Similar correlation between cell killing and induction of chromosomal aberrations had been reported over many years by numerous investigators (25) (26) (27) (28) (29) (30) (31) (32) . It is also noteworthy that the mutant constructs with increased radiosensitivity also showed a dramatic increase in the proportion of aberrations that were of the chromatid-type along with the general increase sensitivity for all aberration types after G 0 /G 1 irradiation. Ordinarily, the vast majority of aberrations after G 0 /G 1 irradiation are of the chromosome type. This large increase in chromatid-type aberrations after G 0 /G 1 irradiation of DSB repair mutants has been reported on numerous occasions for hyperradiosensitive cells (33) (34) (35) (36) (37) (38) .
To study the effect of DNA-PKcs phosphorylation on HRR directed repair, we examined the frequencies of induced sister chromatid exchanges (SCE) in bystander cells irradiated with low fluencies of alpha particles. The extremely low fluence of alpha-particle radiation we used in this study involved an alpha particle traversing approximately 1% of cells, leaving the vast majority of cells (.99%) without direct ionization inside the cells. Hence, the effects were resulted principally from lesions other than directly occurring DSBs from ionizations along or very near the alpha-particle track. These secondary lesions in so-called bystander cells require HRR DSB repair for production of SCEs (39) . The induction of SCEs in wildtype CHO cells increased linearly with alpha particle doses below ;0.7 mGy and then reached a plateau for doses greater than 2.8 mGy (Fig. 5) . Essentially no induced SCEs were observed in HRR repair deficient cell lines after these extremely low-alpha-particle irradiations (Fig. 5A) (16) . A significantly higher induction of SCEs was observed in V3 cells (DNA-PKcs null mutant) for doses up to about 0.35 mGy, then SCE frequencies decreased sharply for doses of 2.8 mGy or higher (Fig. 5B) as previously reported (14, 17) .
The formation of alpha-particle-induced SCEs displayed distinctive patterns among S2056 and T2609 cluster mutant cells. Both S2056 cluster mutated L-5 and L-12 cells displayed increasing SCEs up to ;0.7 mGy, but plateaued with ;25% lower SCE frequencies than wild-type CHO cells (Fig. 5B) . No induction SCEs was observed in T2609 cluster mutant cells (L-3, L-6, L-14, L-15) where the response was similar to that of HRR deficient mutant cells as previously reported (15, 16) . Further, there was no dependency for SCEs to the number or the position of alanine substitutions in the T2609 cluster and double mutants in the S2056 and T2609 clusters (L-2, L-4).
DISCUSSION
We have previously shown that DNA-PKcs kinase activity as well as phosphorylations within the S2056 and the T2609 clusters are crucial determinants for radiosensitivity and formation of chromosomal aberrations in response to a moderate dose of gamma radiation (14, 15) . In the current study, we further investigated DNA-PKcs deficient V3 cell lines expressing DNA-PKcs mutants defective in either the S2056 cluster (L-5, L-12) or the T2609 cluster (L-3, L-6, L-14, L-15) as well as double mutants at both clusters (L-2, L-4) for comparison of radiosensitivities by cell killing and chromosomal aberrations production after 137 Cs gamma-ray irradiation. We have also analyzed SCE induction after exposure to very low fluence of alphaparticle radiation (16, 17) among these DNA-PKcs mutant cells described above and determine their implication in HRR driven repair. 
RADIOSENSITIVE EFFECTS OF VARIOUS DNA-PKcs MUTANTS
Our results suggest that there is an additive or cumulative effect of DNA-PKcs phosphorylation within the T2609 cluster region. Increasing alanine replacement within the T2609 cluster conferred increasing radiosensitivities (Fig.  2C) as well as increasing frequencies of 1 Gy induced chromosomal aberrations (Fig. 3) . Increasing alanine replacement within the S2056 cluster also resulted in slightly increased radiosensitivity (Fig. 2B) as well as slightly increasing frequencies of 1 Gy induced chromosomal aberrations (Fig. 3) , but there is less cumulative effect of DNA-PKcs phosphorylation within the S2056 cluster than the T2609 cluster. These results suggest that individual phosphorylations within the T2609 cluster are all functional and contribute to DSB repair and radiosensitivity. On the other hand, it is possible that not all the phosphorylation sites within the S2056 cluster are functionally active in DSB repair. Indeed, within the S2056 cluster region, except S2056 phosphorylation has been confirmed by mass spectrometry and phospho-specific antibody, the in vitro and in vivo status of other potential sites have not been verified (5, 6, 40) .
It is also apparent that there is a synergism or coordinative effect between S2056 and T2609 cluster in radiosensitivity and DSB repair, which is consistent with the fact that they are regulated by DNA-PKcs autophosphorylation and ATM kinase, respectively, in response to radiation or radiomi- metic chemicals (5, 8) . While single site mutation at S2056A (L-5) or T2609A (L-6) alone only produced mild radiosensitivities, double mutant cells (L-4) carried alanine replacement at both S2056A and T2609A resulted in severe radiosensitivity and significant increase in chromosomal aberrations. These results suggest that DNA-PKcs phosphorylation at S2056 and T2609 contributes to DSB repair through distinctive mechanism. Recent evidences suggest that autophosphorylation of DNA-PKcs in vitro will lead to a protein conformational change (11) and could potentially modulate DNA-PKcs association with its interacting proteins (12, 13, 41, 42) .
In the V3 mutant cells, where there is no DNA-PKcs present, the levels of induced SCE at the lowest doses are actually much greater than in wild-type cells with normal levels of DNA-PKcs present. This is consistent with our understanding for the competition and balance between NHEJ and HRR and a shift of DSB repair toward HRR pathway in NHEJ defective cells (43) . On the contrary, no SCEs were produced in every case involving a mutation affecting the phosphorylation of serine or threonine residues in the T2609 cluster. This result suggests HRR is suppressed as it is required for SCE formation. The T2609 cluster phosphorylation is required to facilitate HRR since single alanine substitution at T2609 (L-6) or T2647 (L-15) drastically decreased the frequency of alphaparticle-induced SCEs, which resembled that observed in HRR deficient cells as previously reported (14, 16) . Mutations in the S2056 cluster, however, were irrelevant to SCE formation. Alanine substitution at S2056 (L-5) or entire S2056 cluster (L-12) only slightly decreased SCE frequencies as compared to wild-type CHO cells. It was reported that elimination of the S2056 cluster phosphorylation was able to reverse HRR inhibition in T2609 cluster mutant cells via HRR reporter assay (6) . However, we observed very low SCE frequencies in cells with double mutants at both the S2056 and the T2609 cluster (L-2, L-4). It is possible that alanine substitution at S2056 alone is not sufficient to relieve HRR inhibition in S2609 cluster mutant cells. The different conclusion drawn could be due to the distinctive character of each experimental approach. The SCE frequency allows direct measurement of the endogenous HRR byproduct whereas HRR reporter assay measures the frequency of recombination from one single integrated HRR reporter.
The biological effects of extremely low fluence of alphaparticle irradiation may be mediated through the interaction of free radicals, including oxygen and nitrogen species (ROS/ RNS) with proteins, lipids, nucleic acids: these free radicals may be generated from primary ionizing events or through secondary amplification systems (44) . Generation of intracellular ROS/RNS has been demonstrated to occur for short periods of time after very low fluence of alpha particles in the bystander cells without direct nuclear or cellular hits by the alpha particles (45) . ROS/RNS including H 2 O 2 , nitric oxide and peroxynitrite are membrane-permeable and are sufficient to diffuse over significant distance within cells to react with proteins, lipids and DNA (44) (45) (46) . DNA damages occurring among bystander cells are consistent of base damage repair or cross-link DNA repair, as measured by increases in hypoxanthine-guanine phosphoribosyltransferase point mutations, chromatid-type aberrations and SCEs (14, 16, 17, 26, (47) (48) (49) (50) (51) . The lack of SCE induction after extremely lowfluence alpha-particle irradiation was previously reported in Chinese hamster deficient in Rad51 paralogs as well as the essential HRR protein BRCA2 (14, 47) . The lack of SCE induction in L-3, L-6, L-14 and L-15 cells, and together with combined S2056 cluster cells (L-2, L-4) suggest that each individual phosphorylation residue at the T2609 cluster might contribute specifically and distinctively for completion of HRR repair process.
